Abstract: Osteopontin (OPN) is important for tissue remodeling, cellular immune responses, and calcium homeostasis in milk and urine. In pathophysiology, the biomolecule contributes to the progression of multiple cancers. Phylogenetic analysis of 202 osteopontin protein sequences identifies a core block of integrin-binding sites in the center of the protein, which is well conserved. Remarkably, the length of this block varies among species, resulting in differing distances between motifs within. The amino acid sequence SSEE is a candidate phosphorylation site. Two copies of it reside in the far N-terminus and are variably affected by alternative splicing in humans. Between those motifs, birds and reptiles have a histidine-rich domain, which is absent from other species. Just downstream from the thrombin cleavage site, the common
Introduction
Osteopontin (OPN) is a protein with fundamental functions in biology. While the name of the molecule is a misnomer-it does not critically contribute to the structural integrity of connective tissue or the skeleton [1, 2] -it is broadly important for tissue remodeling [1, 3] , acts as a Th1 inducer cytokine [4] , and regulates calcium homeostasis in milk and urine [5, 6] . In pathophysiology, osteopontin contributes to the progression of multiple cancers [7, 8] .
Osteopontin is very versatile. The cytokine is secreted and exerts differential effects on target cells when presented either in solution or after immobilization [9] . Cross-linking to the matrix can occur through transglutamination [10, 11] . A variant gene product, generated by translation from an alternative start site eliminates the signal sequence and generates an intracellular form of osteopontin [12] . Further, reuptake after secretion is likely, and the splice variant osteopontin-c accumulates in the nucleus of cancer cells [13] .
Despite a large and growing literature on osteopontin in health and disease (well exceeding 9000 publications in PubMed), multiple domains on the protein remain without identified functions. In humans, the far N-terminus contains splice sites that can generate the short forms osteopontin-b and -c [14] . While their patho-biological effects in cancer have recently been elucidated, their direct binding partners remain unknown. The central portion through the thrombin cleavage site harbors several integrin interaction domains, and it is the best understood substructure. The C-terminal portion of osteopontin contains heparin-binding sites and interacts with a variant form of CD44 [15] , but large sections are yet unmapped.
To shed more light on the structure-function relationships of osteopontin, we conducted a taxonomic analysis of its protein sequences over a wide spectrum of species (Table S1) . From the evolutionary context we inferred conserved and variable domains, some of which have enabled hypotheses regarding their importance in biology.
Results

Common Structure
The osteopontin domain structure across species was developed from shared sequence patterns ( Figure 1 and Figure S1 ). Underlying were alignments of the canonical sequences for each taxonomic group under study as well as alignments of sequences for all individual species covered (Table S2) . portion of osteopontin contains heparin-binding sites and interacts with a variant form of CD44 [15] , but large sections are yet unmapped.
Results
Common Structure
The osteopontin domain structure across species was developed from shared sequence patterns ( Figure 1 and Figure S1 ). Underlying were alignments of the canonical sequences for each taxonomic group under study as well as alignments of sequences for all individual species covered (Table S2 ). 
SSEE, Transglutamination Sites and Poly-Histidine
There are two motifs around the core sequence SSEE in the osteopontin N-terminus. The domain
is highly conserved across all species analyzed. Slightly downstream, the second motif, (P/Q)Q(X)(X)(V/Y)SSEE(S/T)(V/A/N/D)D, also has a high level of conservation. In mammals, the second SSEE motif extends upstream to PDAV(A/S)TWLKPDSQKQ(T/N)(L/F)LA and contains a sequence (human WLNPDP) previously reported as critically involved in lymphocyte adhesion, migration and survival [16] . The shorter motif The vertical red lines in the primates reflect the splice sites in human osteopontin. The unmarked yellow boxes show the newly identified conserved domain without a known function. The numbers indicate the number of amino acids in the canonical sequence. While an effort was made to accurately reflect the size differences across taxonomic groups within each domain, the model is not precisely drawn to scale. Artiod. = Artiodactyla, Lago (et al.) = Lagomorpha and similar species, (v) = (various), Afrot, Xen = Afroteria and Xenarthra, Perissod. = Perissodactyla.
is highly conserved across all species analyzed. Slightly downstream, the second motif, (P/Q)Q(X)(X)(V/Y)SSEE(S/T)(V/A/N/D)D, also has a high level of conservation. In mammals, the second SSEE motif extends upstream to PDAV(A/S)TWLKPDSQKQ(T/N)(L/F)LA and contains a sequence (human WLNPDP) previously reported as critically involved in lymphocyte adhesion, migration and survival [16] . The shorter motif SSEESVD is also present (across multiple species) in ankyrin-2, which is required for the formation or stability of a subset of microtubules in skeletal muscle.
In the stretch SQKQNLLAPQNAVSSEETNDFKQET (Homo sapiens), the underlined glutamine residues are candidate substrate sites for the enzyme transglutaminase. Possible target glutamines align in most species. In the human splice variant osteopontin-b, the loss of exon 5 eliminates the second SSEE motif (while preserving DSGSSEEKQLYNKYPDAVATWLNPDPSQKQNLLA) (Table 1A ). In the splice variant osteopontin-c, two transglutamination sites are lost, and both SSEE motifs are brought into close proximity in the sequence DSGSSEEKQ-NAVSSEETND around the splice junction (marked by a hyphen). Even though only the splice variant osteopontin-c is abundant in the nucleus [13] , there is no apparent nuclear localization sequence, K(K/R)X(K/R), in closeness to the splice junction, and the loss of exon 4 does not generate a candidate bipartite nuclear localization motif. However, homologies resulting from a BLASTP search and a motif search in ELM identify similarities of the perijunctional sequence to nuclear proteins (Table 1B) , corroborating that osteopontin-c may have a function in the cell nucleus.
Selectively in Aves and Reptilia, the conserved sequence upstream of the second SSEE motif is replaced by a variable-length histidine-rich domain. It is conceivable that, in evolution, the histidine-rich sequence was acquired from a microbe, such as the avian malaria parasite Plasmodium lophurae [17] . Histidine-rich malaria proteins may activate the inflammasome, resulting in decreased integrity of tight junctions and increased endothelial permeability [18] , functions that hypothetically could have been acquired by avian osteopontin. (It is notable that, across all species analyzed, a distinct, rather histidine-rich region is located just upstream of the C-terminus, reflected in the primate sequence HEFHSHEFHSH.)
Integrin-Binding Block
While the canonical integrin-binding GRGD(S/N) sequence is 100% conserved in all osteopontins, a common pattern extends substantially upstream (including in humans the integrin α4β1 binding site ELVTDFPTDLPAT [19] ), and a short stretch downstream (including in humans the integrin α9β1 binding site SVVYGLR [20] ). This proximity places all known integrin binding sites on a highly preserved region of amino acids in the central portion of the protein (Figure 2 ). Within this stretch, there are common subsequences, but their distances from each other vary among species (Figure 3) , generating shorter or longer versions of the integrin-binding block in osteopontin. Whereas higher order species have one RGD motif, two consecutive RGD sequences are present in close proximity to each other within birds, and among the Crocodilia and Testudines (but not the Squamata) orders within the class of Reptilia. Birds also have an incompletely preserved RGD motif about 120 amino acids downstream of the central GRGDSV. 
Heparin-Binding Motifs
Following the integrin-binding block is the thrombin cleavage site GLRSKS (thrombin cleaves between R and S). This is also a putative heparin-binding site with the sequence YGLRSKSKKF. A second heparin-binding motif in Primates is marked by RL(Y/H)KRK. Just upstream of it, the sequence QXDD(R/H/Y)S(L/M)ENDSXXXX is quite conserved. In the far C-terminus, the mammalian sequence contains a third putative heparin-binding site with the sequence DKHLKFRI. All putative heparin-interaction motifs of osteopontin are located on the C-terminal domain. While these amino 
Following the integrin-binding block is the thrombin cleavage site GLRSKS (thrombin cleaves between R and S). This is also a putative heparin-binding site with the sequence YGLRSKSKKF. A second heparin-binding motif in Primates is marked by RL(Y/H)KRK. Just upstream of it, the sequence QXDD(R/H/Y)S(L/M)ENDSXXXX is quite conserved. In the far C-terminus, the mammalian sequence contains a third putative heparin-binding site with the sequence DKHLKFRI. All putative heparin-interaction motifs of osteopontin are located on the C-terminal domain. While these amino acid stretches display some conservation among Mammals, their aligned sequences in lower species are divergent, lack lysines, and are not likely heparin-binding.
Novel (T/S)EED Domain
Just downstream from the thrombin cleavage site, the common motif (Q/I)(Y/S/V)(P/H/Y)D(A/V) (T/S)EED(L/E)(-/S)T has been hitherto unrecognized. It is obviated by a section of amino acid commonality in sequence alignment (see Table S2 .1), and the region is recognized as a motif in distinct searches in Meme Suite (Figure 4 ). While well preserved across species, it is yet without assigned function (Table 2 ). Hints to its potential evolutionary origin come from a MOTIF search, according to which the sequence ISYDA(S/T)EEDL (most similar to the domain in group 4 of Aves) is present in the microbial reference gene ID numbers RG001:002553064, RG001:008233923, RG001:010468220. It could have been picked up from microbes by birds, and may have evolved from there.
section of amino acid commonality in sequence alignment (see Table S2 .1), and the region is recognized as a motif in distinct searches in Meme Suite (Figure 4 ). While well preserved across species, it is yet without assigned function (Table 2 ). Hints to its potential evolutionary origin come from a MOTIF search, according to which the sequence ISYDA(S/T)EEDL (most similar to the domain in group 4 of Aves) is present in the microbial reference gene ID numbers RG001:002553064, RG001:008233923, RG001:010468220. It could have been picked up from microbes by birds, and may have evolved from there. 
C-Terminus
The far C-terminus, although very different between Reptilia/Aves, SNQTLESAEDXQD(R/H) HSIEXNEVT(R/L/I), on the one hand and Mammals, D(P/H/R)KS(K/E/V)EEDK(H/Y)LKFR(I/V)SHEL (D/E)SASSEVN, on the other, is very preserved within each class of species. Candidate phosphorylation sites stand out in each and may have functional importance (Table 3 ). The mammalian sequence contains the putative heparin-binding site DKHLKFRI. The high conservation suggests physiological roles that are distinct between Reptilia/Aves and Mammals but have only been partially mapped. Even though the main integrin-binding site resides in the GRGD(S/N) motif, modification of the extreme C-terminus plays an important regulatory role for the interaction with the integrin αVβ3 [21] .
Taxonomy
A tree diagram corroborates the distribution by phylogenetic relatedness and roughly aligns with established trees of life. The broad pattern of the sequence alignment (all 202 sequences) groups Eutheria together, while the lower species comprising Reptilia and Aves cluster in a slightly different pattern. Deviating from both are Fish, which have their unique osteopontin forms. Substantial differences in osteopontin between the two subgroups of Reptilia are evident, as well as their proximity to the four subgropus of Aves. Surprisingly, the analysis of individual sequences as well as canonical sequences places the osteopontins by a subset of Chiroptera closely to the primates ( Figure 5 ). The canonical sequence for Chiroptera (317 amino acids) shares 244 identities with the canonical Primate sequence (314 amino acids). By contrast, the evolutionarily much closer Carnivora (299 amino acids) share only 200 identities. It is important to note, however, that various algorithms produce somewhat differing results ( Figure S2 ).
Whereas the lesser evolved species (Rodentia, Reptilia/Squamata, Fish) show a non-trivial extent of variation in their osteopontin sequences, among the higher organisms osteopontin is well conserved within taxonomic groups. This is evidenced in their increasing percent homology (Table 4) as well as in their physico-chemical characteristics of molecular weight, isoelectric point and amino acid composition, where higher organisms cluster more tightly than the lower level orders ( Figure 6 and Figure S3 ). Once a mutation has taken place in evolution, its penetration of the population is subjected to the rule of selection. However, complex systems can exhibit powerful self-organization, and the effects of mutation and selection are diminished when operating on organisms that have their own rich and robust self-ordered properties. Spontaneous order is well maintained [22] . The available osteopontin sequences seem to corroborate this principle. The data were generated in GeneBee. Two algorithms for alignment (refined alignment, draft source alignment) were applied. The cluster algorithm for unrooted tree with scaled branches had the max/min factor set to 8. The three columns on the left show the taxonomic groups analyzed in hierarchical order. N = number of sequences within the group. The graph shows isoelectric point versus molecular mass for each available member of nine orders of species. Fish osteopontin is very different from others, which is reflected in its separation. In general, higher order organisms (including Carnivora, Primates) cluster more tightly than lower orders (such as Rodentia). Fish osteopontin is very different from others, which is reflected in its separation. In general, higher order organisms (including Carnivora, Primates) cluster more tightly than lower orders (such as Rodentia).
We sorted the 202 osteopontin sequences by taxonomic affiliation. The small groups of Afrotheria and Xenarthra are within close proximity on the phylogenetic tree of mammals and were analyzed together. Among the Artiodactyla, the sequences of the Cervidae and Bovidae differ substantially from the Camelidae, Suidae and Celacea. These subgroups were evaluated separately. Among the Reptilia, the Cocodilia and Testudines group together tightly, whereas the Squamata are very different and internally less conserved. The large group of Aves (63 available sequences) contains 4 distinguishable subgroups (see Table S1 ).
Deviations from the bulk of available sequences were found in select groups. A subset of Artiodactyla, comprising Cervidae and Bovidae, lack a sequence of about 20 amino acids in the downstream portion of osteopontin. A subgroup of Birds (Gallus, Meleagris, Coturnix, Numida) have a small unique sequence stretch in their C-terminus, and they lack 6 amino acids just upstream of the two consecutive RGD motifs. Another subgroup (Lonchura, Taeniopygia, Corvus, Parus, Pseudopodoces, Sturnus, Ficedula, Serinus, Geospiza, Zonotrichia) has variable length insertions far C-terminally. There is a far N-terminal histidine-rich insert in the Squamata, extending a histidine-rich region that is present only in Reptilia and Aves (see Table S2 ).
(E/Q)TLP(S/D) marks the start of exon 6 and constitutes the beginning of the central osteopontin portion, which extends to the thrombin cleavage site. This portion is present in all spliced forms, -a, -b and -c. The highest variation among representatives within a taxonomic group (as evaluated in Table S1 ) is always in the poly-aspartate region directly downstream of (E/Q)TLP(S/D). In repetitive stretches of DNA, DNA polymerases are subject to slippage, which may increase the mutation rate during reduplication. It appears that the length of the poly-aspartate domain has increased throughout evolution (see Table S2 ).
Osteopontin Variants
This study has examined the canonical full-length protein sequences of osteopontin (for a structural analysis and graphic depiction of variant osteopontin forms in humans, see [24] ). Numerous osteopontin transcript variants are listed for many species in NCBI nucleotide. They are almost invariably predicted by computer algorithms, not observed by wet-lab analysis. Experimentally, splicing has been confirmed only in humans [14, 25] , and there it has not yet been shown conclusively to occur in healthy tissues (splicing is associated with cancer progression). The existence of osteopontin splice variants remains to be demonstrated in other species.
In mice, an alternative start site was described, translation from which eliminates the signal sequence and generates an intracellular form of osteopontin [12] . The report also identified potential additional alternative start sites further downstream. In addition, the human variant form osteopontin-5 has been described, which retains an extra exon, located between the canonical exons 3 and 4, and gives to the isoform an alternative translation start, thus yielding a larger protein [24] . Similar mechanisms may also be utilized by other species, and several sequences in NCBI nucleotide seem to reflect such variants. They include replacements of the signal sequence (Cervus elaphus hippelaphus, Dasypus novemcinctus), replacements of the N-terminal sequence until the start of exon 4 (Colobus angolensis palliates, Motis lucifugus, Chinchilla lanigera), sequence start at exon 4 (Odocoileus virginianus texanus), and a unique N-terminal stretch that extends downstream to the second SSEE motif (Limosa lapponica baueri) (see alignments in Table S1 ). However, here experimental validation is required as well.
Most bird osteopontins are in the database with a short and a long sequence (Table S3 ). It is likely that the short sequence represents a flaw in commonly used prediction algorithms that artifactually terminate the protein prematurely. Notably the curated sequences are all consistent with full-length osteopontin.
Genbank contains several entries of "osteopontin-like" proteins. Further, we have found sequences listed under the designation "osteopontin" to lack sufficient homology for being compatible with actual osteopontin. Not included in the present analysis are MCFN01000076. 
Discussion
In this study, we have characterized the phylogeny of osteopontin, based on the hypothesis that domains with a high level of conservation among species will be reflective of important biological functions being fulfilled by these regions. This analysis has helped to refine the understanding of known domains, and to identify one previously uncharacterized domain.
Although osteopontin is deemed to be a largely unstructured protein, considerable portions of the molecule represent well characterized functional entities (integrin-and heparin-binding sites). Major additional portions are much preserved across species (SSEE phosphorylation sites, (T/S)EED domain, thrombin cleavage site, C-terminus) (see Figure 1) , implying important shared functions. The conservation of such features suggests that osteopontin in situ may assume very refined conformations, likely facilitated through its interaction partners. Only the C-terminal thrombin cleavage fragment of the molecule has extended sequences that are unmapped (white boxes in Figure 1 ). Any release from conformational constraints is most likely to reside in those domains.
Molecular evolution has been facilitated by genomic plasticity, including the likelihood that organisms can incorporate foreign DNA [26, 27] . In Aves, two osteopontin sequence stretches imply such a possibility, entailing the histidine-rich insertion between the SSEE motifs as well as the newly identified domain. The histidine-rich sequence could have been acquired from a microbe, such as the avian parasite Plasmodium lophurae [17] , the genome of which encodes a histidine-rich malaria protein. Because the highly repetitive stretch of consecutive histidines does not allow a meaningful analysis by sequence alignment, the proposition that the Reptilian and Avian histidine-rich domain may have microbial origin remains a hypothesis. On the other hand, a motif search pointed to similarity between microbial genes and a stretch in the newly identified motif, especially for a subgroup of Aves. It suggests an origin by horizontal gene transfer.
Osteopontin is subject to substantial posttranslational modifications, such as glycosylation, phosphorylation, and calcium binding. It may be cleaved by various proteases, including thrombin, MMP-3, MMP-7, cathepsin-D and plasmin. All of these functions are tied to specific sites. While an examination of the evolutionary conservation in their facilitating motifs may yield important information on osteopontin biology or patho-biology, it is beyond the scope of the present report.
Few and succinct analyses of phylogenetic trees for osteopontin are in the literature. In a sequence comparison of osteopontin in GenBank between yak and cattle, buffalo, sheep, goat, pig, human, and rabbit, the yak sequence had identity of 52-99% and similarity of 65-99% in deduced amino acids [28] . Yak osteopontin had higher homology in both nucleotide and amino acid sequences with cattle than with the other species analyzed. Another study compared the amino acid sequences of osteopontin derived from human, mouse, rat, rabbit, water buffalo and cattle. The protein was divided into 9 regions, of which only five had known functions. These were poly-aspartate (binds calcium), RGD (engages integrins), GLRS (is a thrombin cleavage site), and calcium and heparin binding sites in the distal domains. The human and rabbit sequences had 64% similarity whereas human and chicken only had a 21% similarity score in multiple sequence alignment. Distinct differences were found between human and chicken, which could reflect functional and developmental differences between avian and mammalian osteopontin [29] . In a study of wild boar osteopontin, amino acid similarities were evaluated with human, chimpanzee, rhesus monkey, cattle, water buffalo, sheep, domestic pig, Norway rat, house mouse, chicken and zebrafish. Common motifs included the signature sequence (including SSEEK), substrates for transglutaminase (glutamines), the poly-aspartate domain, GRGDS (sequence for cell attachment), a site of thrombin cleavage, and potential sites for phosphorylation by acidotrophic casein kinases I and II. Highly conserved sequences entailed 7 or 10 residues in the poly-aspartate region, an SSEEK motif, a GRGDS motif (and some 50 amino acids bracketing the RGD sequence), a RS or KS in most species except chicken and zebrafish, and the NH 2 -and COOH-terminal regions. Zebrafish and chicken were located at the bottom of the tree, chimpanzee and human existed in the treetop. The wild boar was located more closely to cattle and sheep. Consistent with their evolutionary distance, zebrafish (the lowest vertebrate in this analysis) was far from the others [30] . A Sparus aurata gene encodes a 374 amino-acid protein, which contains domains that are characteristic of osteopontin. They include an integrin-binding RGD motif, a negatively charged domain, and sites for post-translational modifications. The common origin of Mammalian osteopontin and Fish osteopontin-like proteins was inferred from an in-silico analysis of available sequences. It revealed similar gene and protein structures and was corroborated by their specific expression in mineralized tissues and cell cultures [31] .
Materials and Methods
Source of Sequences
A search in NCBI nucleotide for the keyword osteopontin yielded 2522 hits. All were screened for actual osteopontin sequences. Duplicate entries were eliminated, and only the longest of multiple potential transcripts were included in the comparisons. The resultant 202 sequences were grouped by shared taxonomy (Table S1 ). In order to be able to evaluate functional motifs, the analysis utilized protein sequences, not DNA.
Alignment
The sequences were aligned using Clustal Omega by EMBL-EBI (https://www.ebi.ac.uk/Tools/ msa/clustalo/) at the default settings. For the alignment of the canonical sequences, manual adjustments were made.
The quantitative assessment of homologies was accomplished with the TreeTop function in Gene Bee (http://www.genebee.msu.ru/services/phtree_full.html). The analysis applied cluster and topological algorithms; it considered columns with unknown amino acids. The cluster algorithm for unrooted tree with scaled branches had the max/min factor set to 8 (the default value).
Phylogenetic Tree
Phylogenetic relatedness evaluation and presentation in tree diagrams was done using MEGA7 (https://www.megasoftware.net/). The MEGA (Molecular Evolutionary Genetics Analysis) software contains methods and tools for phylogenomic analysis.
The evolutionary history was inferred by using the Maximum Likelihood method based on the JTT matrix-based model [32] . The tree with the highest log likelihood was selected. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Joining and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model, and then selecting the topology with superior log likelihood value. Evolutionary analyses were conducted in MEGA7 [33] .
Motif Search
Motifs were identified by scrutiny of the aligned sequences, with a focus on the conserved regions and on the basis of existing knowledge about osteopontin structure and function.
Homologies were assessed with BLASTP 2.8.0 (https://blast.ncbi.nlm.nih.gov/Blast.cgi? PROGRAM=blastp&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome), utilizing the blastp (protein-protein BLAST) algorithm and searching non-redundant protein sequences. This query reviews all non-redundant GenBank coding sequence (CDS) translations plus PDB plus SwissProt plus PIR plus PRF, while excluding environmental samples from whole genome sequencing (WGS) projects.
In addition, linear motifs were mapped in the ELM (Eukaryotic Linear Motif Resource) database (http://elm.eu.org/). The prediction tool scans submitted protein sequences for matches to the regular expressions defined in ELM. Distinction is made between matches that correspond to experimentally validated motif instances already curated in the ELM database and matches that correspond to putative motifs based on the sequence.
Further motif mapping was done in The Meme Suite (http://meme-suite.org/), using the MEME or GLAM2 functions for motif discovery. In MEME (Multiple Em for Motif Elicitation), searches were performed by varying the number of expected motifs. The GLAM2 (Gapped Local Alignment of Motifs, version 2) function searches for gapped motifs in DNA or protein datasets [34] and was used in the default settings.
MOTIF (http://www.genome.jp/tools/motif/) is a GenomeNet database resource that searches with a profile or a protein sequence pattern against protein sequence databases. GenomeNet is a Japanese network of database and computational services for genome research and related research areas in biomedical sciences, operated by the Kyoto University Bioinformatics Center.
Conclusions
Osteopontin is important for tissue remodeling, cellular immune responses, and calcium homeostasis. In pathophysiology, the biomolecule contributes to the progression of multiple cancers. Despite a rapidly growing literature on the subject, the multiple functions of osteopontin have been incompletely elucidated. Here, we have taken a taxonomic approach to the analysis of the protein structure. We have found numerous highly conserved features, and one previously overlooked domain. These insights will aid in focusing future structure-activity analysis.
